INTRODUCTION
In the search for new bioactive, small chemical molecules for research in chemical biology and medicinal chemistry one must choose a starting point from the vast chemical space. 1 In this respect, natural products may serve as biologically pre-validated leads, 2, 3 and indeed more than 60% of the recently marketed drugs have been isolated from natural products or synthetic compounds based on natural products. 4 With the recent advances in natural products science, including the synthesis of complex libraries, 2,3 biosynthesis, 5 and isolation techniques, 6 ,7 the field has a promising future. 8 In particular, marine and microbial environments may serve as a source of new bioactive chemical compounds. 9 Here we used Lamellarin D (Lam-D, Figure 1 ), a potent cytotoxic agent against various tumor cells, as a lead. This marine alkaloid was first isolated from the marine prosobranch mollusc Lamellaria sp.
3 in 1985 by Faulkner and coworkers. 10 Since then a family of about 35 structurally related lamellarins has been isolated from natural sources, and several synthetic strategies have been devised for these natural products. 11, 12 Of the family of lamellarins, Lam-D is one of the most potent lead candidates for anticancer chemotherapy. There is substantial evidence that Lam-D is an inhibitor of topoisomerase I 13 and a potent pro-apoptotic agent. 14 Recently, topoisomerase I binding studies have been elaborated
further by comparing Lam-D and Camptothecin 15 ( Figure 1 ) bound to the DNA-topoisomerase I complex using molecular dynamics simulations. 16 These also correlate nicely with structure-activity relationships (SAR) obtained with homologs of Lam-D with distinct OMe/OH substitution patterns on the pentacyclic framework. 16, 17 Hence, the 8-OH and 20-OH groups (see Figure 1 ) are crucial for cytotoxic activity and also for topoisomerase I inhibition.
Moreover, the unsaturated C-5-C-6 motif of Lam-D, as compared to the saturated analog (Lam-501, Figure 1 ), is important for potency, 13, 18 a trend that was also observed with a range of derivatives of
Lam-D and Lam-501, in which the free phenolic sites were acylated. 18 Furthermore, the latter study afforded potent candidates for in vivo preclinical development of their anti-tumor activity. Interestingly, derivatization of the 8-OH and 20-OH groups with amino acids, thus preserving the hydrogen bonding capacity at these sites, affords potent compounds, while acylation with various carboxylic acids results in a considerable decrease in potency. 18 We recently reported preliminary biological results showing that simplified tricyclic analogs of Lam-D lacking the lactone, such as Open Lam-501 (Figure 1 ), retain some cytotoxic activity. 19 This finding encouraged us to perform SAR studies using scaffold 1 by incorporating various aryl groups in positions 1 and 2, including their oxidized homologs ( Figure 1 ). 20 In addition to the initial achievements in the assembly of the pentacyclic lamellarin framework [21] [22] [23] and total synthesis of Lam-D, 21 pentacyclic and more simple lamellarins have been synthesized using solid-phase synthesis, [24] [25] [26] which should facilitate the preparation of compound libraries for biological evaluation. However, here we found it more rational to prepare our library using the methyl 5,6-dihydropyrrolo[2,1-a]isoquinoline-3-carboxylate scaffold 1 (Figure 1 ), and protocols developed for 4 modular total synthesis of Lam-D 27 and tricyclic analogs. 19 While this study was in progress, another highly efficient synthesis of Lam-D and related analogs was published.
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RESULTS AND DISCUSSION
Chemistry
The synthesis of an open-chain lamellarin analogs library was performed in solution starting from the methyl pyrrole-2-carboxylate by transformation into scaffold 1. 19, 27 The key steps in the process were the introduction of the aryl substituents on positions 1 and 2 of the scaffold using the boron derivatives 4 and 5 as building blocks for the final structure. Following the procedure described for the total synthesis of Lam-D, 27 the synthetic strategy used consisted of the regioselective bromination of the scaffold followed by a Pd(0)-catalyzed Suzuki cross-coupling reaction, oxidation and subsequent deprotection of all the phenols present in each compound. The isopropyl ether was used as protecting group for the phenols present in the final compounds and was maintained throughout the synthetic process.
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Three alternative ways were used to introduce the aryl groups on scaffold 1, according the final structure of the lamellarin analogs (Scheme 1). The monoaryl compounds 6 were prepared by regioselective bromination of scaffold 1 on position 1 to give the bromoderivative 2, which was used for Suzuki cross-coupling with the boronic acids 4. Diarylderivatives 7 with the same substitution pattern in both aryl groups were obtained from the dibromo-scaffold 3 by simultaneous introduction of both aryl groups. Finally, for the diarylated-compounds 9, with different substituents on the phenyl rings, we used two sequential regioselective bromination and cross-coupling reactions starting from scaffold 1 with the monoaryl-scaffolds 6 and bromides 8 as synthetic intermediates. 27 An extensive range of aryl boronic derivatives 4 and 5 were used as building blocks (see Table 1 for the structures). Building blocks 4 are commercially available 30 whereas the ortho-substituted borolanes 5
were obtained in good yields (52-81%) from the proper aryl bromide by Pd(0)-catalyzed cross-coupling borylation using the pinacolborane, as described in the supporting information .
27,31
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All the Suzuki cross-coupling reactions between bromides 2, 3 and 8 and building blocks 4 were performed in DMF using Pd(PPh 3 ) 4 and K 2 CO 3 as catalyst and base, respectively, with good yields.
The phenolic group on position 4'of 6c (R 4 = OH) was protected as isopropoxy-ether by reaction with 2-bromopropane in basic conditions, thereby giving 6d. 32 Generally, transformation of 6 into 8 was performed using N-bromosuccinimide (NBS) in tetrahydofuran (THF) with a careful control of the reaction time in order to obtain the desired mono-and regio-bromination, thereby avoiding the formation of complex mixtures. 33 Regioselective bromination of electron-rich systems like 6h, 6l, and 6n using the same reaction conditions was unsuccessful because halogenation on the electron-rich aromatic ring could not be avoided with these compounds. 34 The Suzuki reaction conditions used to introduce the second aryl ring on 8 were basically the same as when the boron-derivatives 4 were used.
However, with the more hindered borolanes 5, several modification were required such as the slow addition of three equivalent 35 of 5 and the use of K 3 PO 4 as base to afford yields between 81% and quantitative for the second cross-coupling (see experimental conditions). 36 Compounds 9a-i were prepared by reaction of scaffolds 8 and the second building block 5, as indicated in Table 1 and in the experimental conditions.
Optimization of oxidation was performed with the 2-thienylderivative 4n. Several experiments using 2,3-dichloro-5,6-dicyano-p-benzoquinone (DDQ) in CHCl 3 at reflux temperature, MnO 2 in refluxing toluene or pyridine, 37 or Pd-C in toluene or decalin 38 afforded only traces of 10n. The best reaction conditions were attained using DDQ in CHCl 3 as solvent in a sealed tube and with microwave (MW)
irradiation. The aromatization of dihydroisoquinolines 6, 7 and 9 to give the planar system of pyrrolo[2,1-a]isoquinoline present in compounds 10-12 was accomplished using the same protocol as described in the supporting information. 39 The 1 H-NMR was crucial for the control of the reaction because the dihydroisoquinolines 6-9 have a characteristic ABXY spin system for the four protons of C 5 H 2 and C 6 H 2 while the isoquinolines 10-12 hold an AB system in the aromatic area for the two protons C 5 H and C 6 H, the former being a significant signal.
6
Compounds 9f-i and 12f-i both with bulky substituents in ortho of the aryl rings, showed restricted rotation and two conformers were observed by 1 H-and 13 C-NMR. 1 H-NMR experiments with 12f at variable temperature showed the collapse of the signals at 75 ºC (see Figure 2 in the Supporting Information). As an example, the coalescence of double doublets at 6.29 and 6.32 ppm 40 at 25 ºC were easily observed (part a in Figure 1 of the Supporting Information) as a broad doublet at 6.31 ppm in the experiment at 75 ºC (part c in Figure 1 of the Supporting Information) and the same occurred with the methoxy-group signals. In the coalescence temperature, the signal of collapsed groups broadened and decreased in intensity. Figure 2 shows the minimized energy forms of the two rotamers of compound 12f, calculated by semi-empirical method PM3. 41 The elimination of the bulky protecting groups led to the evanescence of the above-mentioned restricted rotation in all the compounds.
All the isopropoxy-protecting groups of dihydroisoquinolines 6, 7, and 9 and fully aromatic systems 10-12 were removed using AlCl 3 in CH 2 Cl 2 , [24] [25] [26] 42 giving a good yield of valuable phenols 13-18.
43,44
Despite the advantage of working with the protected phenol groups, the synthesis was performed without this protection in 4, as demonstrated with the synthesis of 17c and 15a. 
Conclusion
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Here we performed a SAR study using the marine alkaloid Lam-D. Efficient and convergent modular synthetic protocols were applied in the "diverted total" synthesis of more than 40 analogs of the natural product. This strategy allowed the introduction of structural elements that have not been studied previously in the lamellarin series. Thus, the SAR information provided in this study expands our knowledge about these compounds beyond substitutions on the core structure, which has already been provided by other groups.
Overall, our results are consistent with previous findings, such as the critical importance for cytotoxic activity of the planarity of the tricyclic isoquinoline motif. In addition, compounds with OH hydrogen bond donors at C-8 and C-4" were generally more potent than other analogs. Not surprisingly, compound 18d, which showed most resemblance to Lam-D, was the most potent compound against the three cell lines tested. This observation may be due to partial lactonization to give Lam-D under the assay conditions.
However, remarkable retention of activity was observed for monoaryl analogs 13c and 16c against HT-29 colon carcinoma cells, toward which these compounds were only ca. 5-fold less potent than Lam-D.
Furthermore, the moderate activity of compound 17n against the A-549 and MDA-MB-231 cell lines (low micromolar) indicates that heterocyclic motifs may be included in a second-generation library.
However, the hydrogen bond donor at C-20 should be preserved in future library designs. On the basis of this work it is clear the importance of an extensive bioprospection of the natural sources to find lead candidates more than constructing ponderous libraries. n.a. n.a.
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